In this study we compared a prime-boost regimen with two serologically distinct replication-defective adenovirus (Ad) vectors derived from chimpanzee serotypes C68 and C1 expressing Gag, Pol, gp140, and Nef of human immunodeficiency virus type 1 with a regimen in which replication-defective Ad vectors of the human serotype 5 (AdHu5) were given twice. Experiments were conducted in rhesus macaques that had or had not been preexposed to antigens of AdHu5. There was no significant difference in T-cell responses tested from peripheral blood of the different groups, although responses were overall highest in nonpreexposed animals 
A multitude of different vaccine prototypes for human immunodeficiency virus type 1 (HIV-1) have undergone earlystage clinical trials, and more are in preclinical testing (5, 7, 10, 11, 18) . Among those, E1-deleted adenoviral (Ad) vectors of the human serotype 5 (AdHu5) are promising candidates that have been tested in phase II trials (16) . E1-deleted Ad recombinants of common human serotypes, such as AdHu5, were initially developed for gene therapy (3, 15) . Their advantages as gene transfer vehicles are numerous. They are well characterized, easy to grow, infect a wide range of cell types including resting cells, and induce high levels of transgene expression. Due to deletion of E1, which renders the virus replication defective, the constructs are well tolerated unless given at excessive doses. The disadvantages of such constructs for permanent replacement of missing or faulty genes include the hosts' vigorous immune responses against both the Ad antigens and the transgene products (32, 33) . Furthermore, preexposure to the homologous serotypes of Ad, many of which infect nearly all humans during childhood, induces serotype-specific virus-neutralizing antibodies (VNAs) (30) , which interfere with successful delivery of the gene therapy vehicles (31, 32) .
The high immunogenicity of E1-deleted Ad recombinants of the common AdHu5 disallowed their successful use for sustained gene therapy but led to their development as vaccine carriers. E1-deleted AdHu5 vaccines have been shown to induce unsurpassed B-and CD8 ϩ T-cell responses in experimental animals, including rodents (13, 28, 31) , canines (27) , and primates (17, 24, 25) , and they are currently being tested in human clinical trials for antigens of HIV-1 by Merck. Ad vectors are being tested in additional clinical trials by the Vaccine Research Center using DNA vaccine priming regimens followed by AdHu5 vector booster immunizations.
However, the same problems that plagued gene therapists using E1-deleted AdHu5 recombinants may hamper the use of such constructs as vaccines in humans, especially in humans residing in developing countries (2) . Most humans are preimmune to common human serotypes of Ad, such as serotypes 2, 4, 5, 7, or 12. In the United States, depending on the age of the study population and the sensitivity of the assay, 40 to 60% of humans carry readily detectable VNAs to AdHu5 virus (29) . Seroprevalence rates to AdHu5 virus are markedly higher in human populations from developing countries (29) . In animal models, including nonhuman primates (NHPs), VNAs generated upon preexposure to AdHu5 virus have been shown previously to strongly impair the B-and T-cell responses to the transgene product of a vaccine based on an E1-deleted Ad of the same serotype (1, 6, 20) . A similar impairment was ob-served in human volunteers that were tested by Merck in a clinical trial with their AdHu5 vaccine to HIV-1 (16) .
To circumvent impairment of vaccine efficacy by preexisting neutralizing antibodies, we developed vaccine vectors based on Ads that had been isolated from chimpanzees. Vectors described here were derived from two different viruses, i.e., AdC68 and AdC1, that represent two distinct serotypes (21, 22) . AdC1 was constructed as a chimera with some of the early genes of AdC5, a chimpanzee virus that is related to AdC68, to allow for its growth on cell lines that provide the E1 of AdHu5. AdC68 has close sequence homology with AdHu4 virus and thus belongs to subgroup E of the Adenovirideae. AdC1 virus does not bind the coxsackievirus-adenovirus receptor that is used by most human Ad serotypes but attaches to CD46 (26) , which is used by the B2 subgroup of human Ad viruses, such as AdHu11 and AdHu35 (8, 23) .
Here we tested prime-boost regimens using a mixture of vectors expressing Gag, Pol, Nef, and gp140 of HIV-1 clade B in small groups of AdHu5-preexposed and nonpreexposed NHPs. We compared a heterologous prime-boost regimen using AdC68 vectors followed by AdC1/C5 vectors to a homologous prime-boost regimen in which AdHu5 vectors were used twice. The data show that preexisting immunity to AdHu5 vectors alters homing of transgene product-specific T cells elicited by chimpanzee and human Ad vectors. Furthermore, the data show that preexposure to AdHu5 vectors abrogates the antibody responses to the transgene product expressed by AdHu5 but not by the chimpanzee Ad vectors.
MATERIALS AND METHODS

Production of vectors.
Ad vectors were derived from AdHu5 or chimpanzee serotypes 68 (AdC68) or 1 (AdC1). Vectors were E1 or E1 and E3 deleted and generated from viral molecular clones by viral rescue on HEK 293 cells. The AdC1 vector could not be propagated on HEK 293 cells that provide the E1 of AdHu5 virus in trans. To allow for growth of this vector on HEK 293 cells, a chimeric vector was constructed between AdC1 (ATCC VR-20) and AdC5 (a chimpanzee adenovirus that is related to AdC68 [ATCC VR-591]). In the chimeric AdC1/C5 vector, map units 1 to 7937 (left-handed inverted terminal repeat) and 32651 to 35524 (right-handed inverted terminal repeat) were replaced with sequences 1 to 7948 and 33547 to 36462 of AdC5 virus. E1-deleted Ads were grown on HEK 293 cells and purified by two rounds of buoyant density ultracentrifugation on CsCl gradients followed by column purification (Bio-Gel P-6DG). Vectors were diluted in phosphate-buffered saline (PBS) supplemented with 10% glycerol and stored at Ϫ80°C.
Titration of vectors. Content of virus particles (VP) was determined by spectrophotometry at 260 nm and 280 nm, with the latter determining purity of the preparation.
Quality control of vectors. Vector batches were checked for replication-competent Ad on A549 cells. None of the batches used had detectable contamination with replication-competent Ad. Batches were tested for sterility and lipopolysaccharide contamination (Limulus test).
Vector inserts. An AdHu5 vector expressing alpha-1-antitrypsin (A1AT) was used for preexposure of animals. The vaccine vectors were constructed to express a codon-optimized Gag of HIV-1 clade B (generous gift from G. Pavlakis at the NIH NCI, Fredrick, MD), a codon-humanized HIV-1 clade B gp140 (provided by G. Nabel at the NIH Vaccine Research Center, Bethesda, MD), the 5Ј end of polymerase of HIV-1 clade B encoding amino acids 1 to 650 and a fusion of HIV-1 Nef (containing a tetradecanoyl phorbol acetate [TPA] leader sequence and a G2A mutation), and the 3Ј end of polymerase (encoding the C-terminal 368 amino acids). Both HIV5Јpol and TPAnef-3Јpol were synthesized using human codons by Geneart (Regensburg, Germany). Vectors expressing the rabies virus glycoprotein (rab.gp) were used as controls. Vectors expressing enhanced green fluorescent protein were used for neutralization assays. A list of vectors and their pertinent features is shown in Table 1 .
Nonhuman primates. Two-to 3-year-old Chinese origin Macaca mulatta were purchased from PrimateProducts Inc. and housed at the Richards Primate Facility at the University of Pennsylvania. Sera were prescreened for neutralizing antibodies to AdHu5, AdC68, and AdC1 virus. Animals that were selected for the study did not have detectable titers of neutralizing antibodies to these viruses.
Immunization of nonhuman primates. The 16 animals were divided into five groups ( Table 2) . Animals of group 2 and 4 were preexposed to AdHu5 vector. These animals were injected with 2 ϫ 10 11 VP of AdHu5 expressing A1AT. Animals were bled 4 weeks later, and neutralizing antibody titers to AdHu5 were determined. Thirty-four days after preexposure, animals were vaccinated. Animals of groups 1 and 2 were immunized with AdC68 vectors expressing Gag, gp140, 5Јpol, or TPAnef-3Јpol. Animals of groups 3 and 4 were immunized with the corresponding AdHu5 vectors. Each vector was given at 2.5 ϫ 10 10 VP/ animal, and thus each NHP received a total of 10 11 VP of vector. Vectors expressing HIV Gag and HIV 5Јpol were inoculated into one leg, and those expressing HIV nef-3Јpol and HIV gp140 were inoculated into the opposite leg. The control animal of group 5 was primed with a total of 10 11 VP of AdC68rab.gp vector (5 ϫ 10 10 VP per leg). NHPs were boosted 120 days later with a second dose of vector. Animals of groups 1 and 2 were boosted with AdC1/C5 vectors expressing Gag, gp140, 5Јpol, or TPAnef-3Јpol. Animals of groups 3 and 4 were boosted with the corresponding AdHu5 vectors. Vectors expressing HIV Gag and HIV 5Јpol were inoculated into the left leg, and HIV TPAnef-3Јpol and HIV gp140 were inoculated into the right leg. Again, each vector was given at 2.5 ϫ 10 10 VP/animal. The control animal of group 5 was boosted with 10 11 VP of AdC1/C5rab.gp vector. All vaccinations were performed by injecting animals with vector diluted in 1 ml of saline into the right or left quadriceps muscle. Isolation of lymphocytes from tissues. Lymphocytes were isolated from peritoneal lavage fluid by passing the lavage fluid through a 70-m nylon filter and then washing cells two times with HBSS and two times with RPMIc. Cells were isolated from spleens and lymph nodes by dissecting the tissues into small sections and grinding them against a stainless steel mesh. Cells were filtered through a 70-m nylon filter (BD Falcon) and washed. Liver lymphocytes were isolated by grinding the tissue in HBSS supplemented with 2% FBS. The resulting suspension was spun at 400 rpm for 10 min at 4°C. The supernatant was isolated and spun at 1,500 rpm for 5 min. The resulting pellet was washed twice with PBS plus 2% FBS. Lymphocytes were obtained using Percoll gradient centrifugation and washed twice with RPMI.
Preservation of lymphocytes. Cells were tested immediately after isolation by enzyme-linked immunospot (ELISPOT) assays. Remaining cells were frozen in 90% FBS and 10% dimethyl sulfoxide (Sigma), first at Ϫ80°C and then cryopreserved in liquid nitrogen. When using frozen PBMCs, cells were thawed in a 37°C water bath, diluted 1:10 in RPMI, and then washed twice with RMPI plus 2 units/ml of RNase-free DNase (Roche). Intracellular cytokine staining (ICS) was conducted on cells that had been frozen.
Synthetic peptides. HIV clade B consensus sequence Gag, Pol, Nef, and Env peptides, 15-mers overlapping by 11 amino acids, were obtained from the NIH Research and Reference Reagents Program and pooled into either 7 or 10 peptide pools for ICS and ELISPOT assays, respectively. For ICS, this resulted in two pools for the Gag peptides, four pools for Pol peptides, one pool for Nef, and three pools for Env (corresponding to gp140). For ELISPOT assays one pool was used for Gag, two pools for Pol, one pool for Nef, and three pools for Env (gp140).
ELISPOT. The ELISPOT assay was conducted as described elsewhere (19) . Briefly, lymphocytes were added to wells of MultiScreen-IP white plates (Millipore) at 2.5 ϫ 10 5 cells per well. For each tissue, pools were tested in triplicate (except where cell number was limiting). Each 15-mer peptide was used at a final concentration of 2 g/ml. Plates were incubated either with or without peptide for 16 to 18 h at 37°C, 5% CO 2 . Spots were counted using the CTL series 3A analyzer and ImmunoSpot 3.2 (Cellular Technology Ltd., Cleveland, OH). The minimum spot size was set to 0.0014 mm 2 , and the maximum spot size was set to 0.0607 mm 2 . Data had been summarized as spots per 10 6 cells, and so a dilution factor was used to multiply the raw values obtained from the ImmunoSpot count. There were three criteria for positive samples: (i) for every 10 6 cells stimulated with peptides, at least 55 spots had to be detected; (ii) the number of spots in peptide-stimulated wells had to be at least three times the number of spots in unstimulated control wells; (iii) the number of spots in peptide-stimulated wells had to be 3 standard deviations above the mean of the control wells. Data shown on graphs represent values of peptide-stimulated wells from which background values have been subtracted.
ICS. PBMCs (10 6 cells) were stimulated in RPMI medium for 6 h with anti-CD28, anti-CD49d, and brefeldin A (10 g/ml each), with or without 1 g/ml/peptide of the HIV-1 peptide pools at 37°C, 5% CO 2 . After incubation, cells were stained with anti-human-CD8-perchloridinin chlorophyll a proteinCy5.5 for 30 min at 4°C. After washing, fixing, and permeabilization, cells were stained with anti-human gamma interferon (IFN-␥)-allophycocyanin, anti-human interleukin-2 (IL-2)-phycoerythrin, and anti-monkey CD3-fluorescein isothiocyanate for 30 min at 4°C. Cells were washed twice, resuspended in 1% formalin in PBS, and analyzed by fluorescence-activated cell sorting (FACS). Cells were acquired on a Cyan LX flow cytometer (DakoCytomation), and FACS data were analyzed by using Summit software (DakoCytomation). All antibodies were purchased from BD Bioscience except for anti-CD3, which was purchased from Biosource.
Titration of antibodies to Gag. Nunc Immunoplates (MaxiSorb F96; Denmark) were coated with 100 l of a solution containing 1 g of Gag/ml in carbonate buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 , pH 9.8) overnight at 4°C. Plates were blocked overnight with PBS supplemented with 3% bovine serum albumin. Plates were washed with PBS, and serial dilutions of monkey sera were added in borate buffer (0.1 M boric acid, 47 mM sodium borate, 75 mM NaCl, 0.05% [vol/vol] Tween 20) with 3% bovine serum albumin and incubated at 37°C for 2 h. Wells were washed with PBS, and 80 l of a 1:200 dilution of alkaline phosphatase-conjugated, goat anti-monkey immunoglobulin G (Sigma Chemical Company, St. Louis, MO) was added and incubated at 37°C for 2 h. Wells were washed and incubated with 100 l of substrate buffer containing p-nitrophenylphosphate disodium hexahydrate in diethanolamine. After 30 min at room temperature, absorbance was read at 405 nm.
Adenovirus neutralization assay. Heat-inactivated (30 min, 56°C) NHP plasma was tested on HEK 293 cells for neutralization of Ads using vectors 
RESULTS
Prescreening, preexposure, and immunization of animals. A trial was conducted in 2-to 3-year-old Chinese Macaca mulatta animals to assess the immunogenicity of replication-defective chimpanzee origin Ad vectors in comparison to replicationdefective AdHu5 vectors. NHPs were tested prior to purchase for VNAs to the Ad vectors. Sixteen animals that were negative were selected. One of those animals (R001006) had antibodies that by enzyme-linked immunosorbent assay bound to AdHu5, AdC68, and AdC1/C5. Eight animals were immunized intramuscularly with 2 ϫ 10 11 VP of an AdHu5A1AT vector. Animals were bled 2 weeks later and tested for VNA titers to AdHu5 virus. Animals had VNA titers ranging from 1:80 to 1:640. It should be pointed out that in human adults, average titers to AdHu5 virus range from 1:100 to 1:300 using the assay system that was employed for studies presented here.
Vaccination of NHPs. All of the animals were vaccinated 4 weeks after injection of the AdHu5A1AT vector ( Table 2) . Each of the vaccines to HIV-1 was composed of an equal mixture of four vectors expressing different sequences of HIV-1 clade B. Specifically, vectors expressed Gag, gp140, the 5Ј part of Pol, and a fusion polypeptide composed of Nef and the 3Ј part of Pol. Two groups of animals, i.e., groups 1 and 2, were primed with vaccines based on the chimpanzee origin FIG. 1. Two groups of four NHPs were injected with 2 ϫ 10 11 VP of AdHu5 expressing A1AT. Thirty-four days later, preexposed and nonpreexposed NHPs were vaccinated. Groups 1 and 2 (upper two panels) were immunized with AdC68 vectors expressing Gag, gp140, 5Јpol, or TPAnef-3Јpol. Animals of groups 3 and 4 (lower two panels) were immunized with the corresponding AdHu5 vectors. The control animal (R0108033) was primed with an AdC68rab.gp vector. T-cell responses from blood were tested 4 and 6 weeks after vaccination by ELISPOT for IFN-␥. NHPs were boosted 120 days later with a second dose of vector. Animals of groups 1 and 2 were boosted with AdC1/C5 vector expressing Gag, gp140, 5Јpol, or TPAnef-3Јpol. Animals of groups 3 and 4 were boosted with the corresponding AdHu5 vector. The control animal of group 5 was boosted with AdC1/C5rab.gp vector. T-cell responses were tested from blood 2 and 17 weeks after the boost. The graph shows responses of individual animals against seven different pools of peptides. Background data (no peptide) were subtracted. Data for the control animal are not shown. PBMCs from this animal showed the following cumulative spots (i.e., sum of spots obtained with all of the peptide pools minus background spots)/10 6 cells: week 4, 18; week 6, 0; week 18, 96; week 35, 61. Responses to individual pools were Ͻ55 spots/10 6 PBMCs and thus failed to meet our criteria for a positive response. The different patterns on the bars show responses to different peptide pools. Solid black, Gag peptides; bold stripes, two pools of Pol peptides; dots, Nef peptides; thin stripes and no pattern, three pools of Env peptides.
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AdC68 virus. These animals were boosted with the AdC1/C5 chimpanzee Ad vector expressing the same transgenes. The other two experimental groups were immunized twice with AdHu5 vectors expressing the same transgenes. This immunization schedule was chosen to allow for comparison with results from other research teams that have focused on the use of AdHu5 vectors and that have used such vectors in homologous prime-boost regimens (1). The control animal was immunized with 10 11 VP of chimpanzee Ad vectors expressing the rabies virus glycoprotein. All of the vectors prior to their use in NHPs were tested in vitro for expression of the transgene product (except for the vector expressing HIVTPAnefpol3, for which no suitable antibody was available). In addition, all of the vectors (of the same batch that was used in NHPs) were tested in dose escalation experiments in mice to confirm their immunogenicity (data not shown).
HIV-1-specific T-cell responses in blood. PBMCs were collected twice before vaccination and tested for T-cell responses to the different HIV-1 peptide pools by ELISPOT and ICS. Specific responses could not be detected by either assay. After each vaccine dose, animals were bled at different time points, and frequencies of T cells were determined by an ELISPOT for IFN-␥ (Fig. 1) and by ICS for CD3, CD4, CD8, IL-2, and IFN-␥ (Fig. 2) . By 4 weeks after priming, four of four animals of group 1 that were not preexposed and received the AdC68 vectors responded, and three animals had frequencies above 200 spots/10 6 PBMCs (Fig. 1) . In group 2, which received the AdC68 vectors after AdHu5 preexposure, two of four NHPs developed T-cell frequencies that were comparable to those of group 1. In group 3, which received the AdHu5 vectors without preexposure, two of three animals were tested and only one developed a response; CD8 ϩ T-cell frequencies in this animal were below frequencies achieved by the high responders of the two groups of NHPs that were vaccinated with the AdC68 vectors. From group 4, which was vaccinated with AdHu5 after preexposure, three of four animals were tested and all of them had low but detectable frequencies of HIV antigen-specific IFN-␥-producing cells. Animals were retested 6 weeks after priming by ELISPOT assay. T-cell responses could be detected by 6 weeks after priming in four of four animals of group 1 (AdC68 vaccinated), one of four animals in group 2 (AdHu5 preexposed, AdC68 vaccinated), two of three animals in group 3 (AdHu5 vaccinated), and two of four animals in group 4 (AdHu5 preexposed, AdHu5 vaccinated). Responses in one of two animals of group 3 and two of three animals of group 4, the two groups that were vaccinated with the AdHu5 vectors, were barely above background by week 6 (55 spots for a given peptide pool).
Approximately 110 days after priming, one of the animals (R0001128) of group 1 (AdC68 vaccinated) died (see below for further details). The surviving NHPs were boosted, and their PBMCs were retested 2 weeks later. All of the animals of groups 1 to 4 scored positive by ELISPOT after booster immunization, but only some animals showed an increase in frequencies compared to peak frequencies after the first immunization. After the AdC1/C5 boost of AdC68-primed NHPs, frequencies were lower in the AdHu5-preexposed group 2 compared to nonpreexposed animals of group 1, suggesting that preexposure to AdHu5 had a negative effect on the recall immune response to the chimpanzee vectors. Nevertheless, this difference was not statistically significant. It was of interest that animals of groups 3 and 4 that had received two doses of the AdHu5 vectors developed mainly T cells to Gag and Pol, and only animals of group 1 and to a lesser extent group 2 developed strong T-cell responses to peptides of Env. Responses to Nef peptides were low in all of the animals. PBMCs were retested 15 weeks later and then again at the time of necropsy. In animals that had been vaccinated with the chimpanzee Ad vectors, one of three animals of the nonpreexposed group 1 showed a decrease in frequencies over time, while frequencies remained stable in the other two NHPs. In AdHu5-preexposed group 2, frequencies increased in all four animals. Upon the homologous booster immunization with AdHu5 vectors, frequencies decreased in two of three animals of the nonpreexposed group 3 and three of four animals in the AdHu5-preexposed group 4. In general, frequencies of specific T cells in blood did not decrease markedly between weeks 2 and 17 after the boost.
Results obtained by ICS ( Fig. 2 and Table 3 ) showed a similar, although not identical, pattern to those obtained by ELISPOT assays. Two weeks after priming, most animals had low frequencies (Յ0.2%) of CD8 ϩ IFN-␥-producing T cells and only one animal of group 2, which had been preexposed prior to vaccination with AdC68 vectors, had frequencies of Ͼ0.2% (Fig. 2) . After booster immunization, frequencies increased to above 0.2% in all of the nonpreexposed animals vaccinated with the chimpanzee Ad vectors (group 1) and in three of four animals that were preexposed prior to vaccination with the same vectors (group 2). In AdHu5-vaccinated animals, frequencies above 0.2% were seen in two of three of the nonpreexposed animals (group 3) and in two of four of the preexposed (group 4). Frequencies declined by 6 weeks after booster immunization, and at the time of necropsy only one animal of each group but for the group that was preexposed prior to vaccination with the chimpanzee Ad vectors retained frequencies of Ͼ0.2%. As had been observed using ELISPOT assays, responses were mainly directed against Gag and Pol peptides, and responses against Env were mainly detected after priming in nonpreexposed chimpanzee Ad vector-vaccinated NHPs (not shown).
Frequencies of CD8 ϩ T cells producing IL-2 were lower than those of CD8 ϩ T cells producing IFN-␥ ( Fig. 2A) . After the second immunization with the heterologous chimpanzee Ad vector, two of three of the nonpreexposed animals (group 1) and three of four of the AdHu5-preexposed animals (group 2) had CD8 ϩ IL-2 ϩ frequencies above 0.2% (Fig. 2B ), while after AdHu5 vaccination none of the nonpreexposed (group 3) and two of four of the preexposed animals (group 4) scored positive above 0.2%. Frequencies of CD4 ϩ T cells producing IFN-␥ or IL-2 ( Fig. 2C and D) were low, and only one or two animals of each of the different groups developed detectable CD4 ϩ T-cell responses after priming or booster immunization. Overall, although nonpreexposed NHPs vaccinated with the two chimpanzee Ad vectors mounted the highest CD8 ϩ T-cell responses for IFN-␥ and IL-2, differences between the groups did not reach significance.
T-cell responses in different tissues. Animals were euthanized 25 to 38 weeks after the initial priming, and two animals were euthanized approximately every second week. Animals were chosen randomly from the different groups. Lymphocytes were harvested from a number of compartments and tested by ELISPOT assays (Fig. 3A and B) . From most animals, specific T cells could be isolated from the spleens. It was remarkable that frequencies in spleens failed to correlate with frequencies in blood. For example, the mean frequencies of responses from PBMCs upon vaccination with the chimpanzee Ad vectors were higher in nonpreexposed than in preexposed animals, suggesting that preexisting immunity affected the T-cell response to the chimpanzee Ad vectors. In contrast, in splenocytes mean frequencies were higher in preexposed animals. Neither difference reached statistical significance. Of nonpreexposed animals vaccinated with the chimpanzee Ad vectors, two of three and three of three showed detectable frequencies of cells producing IFN-␥ in inguineal and iliac lymph nodes, respectively. Such responses were seen in one of four and two of four preexposed chimpanzee Ad vector-vaccinated animals from groups 2 and 4, respectively. Upon AdHu5 vaccination, one of three in group 1 and one of three in group 3 of the nonpreexposed animals and three of four in group 2 and two of four in group 4 of the preexposed animals responded. Some animals showed responses in one but not the other set of lymph nodes. HIV-1 antigen-specific T cells could only be detected in two of three animals of the nonpreexposed, chimpanzee Ad vector-vaccinated group and in one animal of each of the other a The results shown were obtained for the different groups 2 weeks after the first and second immunizations and at the time of necropsy. The numbers in parentheses show the number of animals that responded (i.e., had cumulative frequencies of Ͼ0.2% or frequencies against a single peptide pool of Ͼ0.1%) over all animals of this group. The bold numbers highlight responses of Ͼ0.2%. Lymphocytes isolated from prebleeds were assayed for all four parameters, and cumulative frequencies were determined to be below 0.1% with the exception of animals R0001006 and R0004064, which had cumulative frequencies of 0.24% for CD8
ϩ IL-2 ϩ and 0.22% for CD8 ϩ IFN-␥ ϩ cells, respectively. These two animals failed to mount immune responses after immunization.
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on September 22, 2017 by guest http://jvi.asm.org/ three groups in the peritoneal lavage (Fig. 3A) . Lymphocytes isolated from the liver showed extraordinarily high frequencies of HIV-1-specific IFN-␥-producing T cells, ranging from 3,000 to 34,000 cells/10 6 lymphocytes (Fig. 3B ). Frequencies were especially high in animals that had been preexposed to the AdHu5 A1AT vector, i.e., preexposed animals vaccinated either with the chimpanzee Ad vectors or with AdHu5 vectors showed in general higher frequencies than nonpreexposed animals given either vaccine regimen. Two animals did not follow this pattern, i.e., one nonpreexposed AdHu5-vaccinated animal (R0103015) had a very high response in the liver, and one preexposed animal vaccinated with the chimpanzee Ad vectors (R0007052) had only a low response in the liver. Overall, T-cell frequencies in liver were higher in preexposed animals upon AdHu5 vaccination than upon vaccination with the chimpanzee Ad vectors. The majority of cells isolated from liver responded to the Nef and Env peptide pools. Comparing the groups, none of the responses in spleen, blood, or lymph node tissues reached a statistically significant difference (P Ͼ 0.05) except for the response in liver comparing nonpreexposed, chimpanzee Ad vector-immunized animals with those that had been preexposed prior to vaccination with AdHu5 vectors (P ϭ 0.025). Fig. 1 were tested at the time of necropsy for T cells producing IFN-␥ by ELISPOT. (The codes for the animal numbers and the group designations are shown in Table 2 .) The shading of the bars, which indicates the cumulative response to the different pools of peptides, is identical to that in Serum antibody responses. Sera were tested before vaccination and 2 weeks before and 2 weeks after booster immunization for antibodies to Gag. After priming, nonpreexposed animals vaccinated with the AdHu5 vectors showed the highest antibody titers; titers were low to undetectable in animals that were vaccinated with AdC68 or that had been preexposed to AdHu5 prior to vaccination with the AdHu5 vector (Fig. 4) . After booster immunization two of three and three of four of the chimpanzee Ad vector-vaccinated animals that had not or had been preexposed to AdHu5 showed a significant increase in titers, and there was no significant difference in the antibody response between the two groups, although mean titers of preexposed animals were lower than those of animals that had not been preexposed. In AdHu5-vaccinated animals that had not been preexposed, two of three showed an increase in antibodies to Gag after the boost, while none of the animals that had been preexposed to AdHu5 developed antibodies to Gag after two immunizations with the AdHu5 vectors. Animals were tested for neutralizing antibodies to HIV-1 to SF162 and BAL (D. Montefiori, Duke University, Durham, NC). All samples (before and after boost) were negative. Animals were also tested for binding antibodies to gp120. Only three of the animals responded, i.e., one of those that was preexposed to AdHu5 and then immunized with the chimpanzee Ad vectors (R0006046), one of the AdHu5-immunized animals that had not been preexposed (R0103015), and one of the AdHu5-preexposed animals vaccinated with the AdHu5 vectors (R0105080). Responses were low, and although there was no significant difference in the magnitude of antibody titers between the responders of the different groups, animals immunized with the chimpanzee Ad vectors developed detectable titers after one immunization while those immunized with the AdHu5 vectors only generated detectable titers after the second immunization (data not shown).
FIG. 3. Lymphocytes from different tissues from the same NHPs described in
Animals were tested for neutralizing antibody titers to the Ad vectors used for the experiment, and upon preexposure and immunization, animals developed antibodies to the Ad vectors (Table 4 ). Antibodies to AdHu5 were boosted in preexposed   FIG. 4 . Sera from the same NHPs shown in Fig. 1 were tested for antibodies to Gag before and after each vaccine dose. The graphs, which are organized in the same fashion as for Fig. 1 , show mean absorbance Ϯ standard deviations at three serum dilutions. The Xs indicate sera harvested before vaccination, half-filled squares indicate sera harvested after the first immunization, and filled squares indicate sera harvested after the boost. The control animal did not develop antibodies to Gag (not shown). animals after priming and in all of the AdHu5-vaccinated animals after the boost with AdHu5 vectors. Immunization with AdC68 or AdC1/C5 vectors failed to increase antibody titers to AdHu5, again confirming lack of cross-reactivity of neutralizing antibodies to these vectors. In addition, animals were analyzed after preexposure and after the first immunization for binding antibodies to the Ad vector by an enzyme-linked immunosorbent assay (data not shown). In the AdHu5-preexposed groups, six of eight animals developed antibodies that cross-reacted between the three Ad vectors; two animals (R005087 and R0109015) developed antibodies that only bound to AdHu5. In the nonpreexposed groups, one of three animals that had been vaccinated with AdC68 vector developed antibodies that also bound to AdHu5 and AdC1/C5, and the other two animals of this group had antibodies that only bound to AdC68. The control animal that was vaccinated with an AdC68 vector expressing an irrelevant antigen showed a response that was specific for AdC68. In the AdHu5-preexposed group, all animals upon AdC68 vaccination showed an increase in titers to AdC68; animal R0105047 remained negative for antibodies to AdC1. In the nonpreexposed group that was vaccinated with the AdHu5 vectors, two of three animals developed antibodies that showed cross-reactive binding between AdHu5, AdC68, and AdC1, while one animal (R0105066) had antibodies that bound to AdHu5 and AdC1 but not to AdC68. The pattern of serum reactivity in the AdHu5-preexposed group did not change after vaccination with AdHu5 expressing HIV antigens. These data show that while there is a lack of neutralizing antibody cross-reactivity among the human-and chimpanzee-derived adenoviruses, binding antibodies cross-react extensively. Adverse reactions. During sample collection 10 weeks after priming, one of the AdC68-vaccinated animals (R0001128 in group 1) developed hypothermia and died the following day. Data for this animal are not shown in any of the figures. During anesthesia, serum had been collected and the animal's glucose level was found to be very low (Ͻ25 mg/ml). A necropsy followed, and histological analyses of tissue sections did not reveal any tissue pathology that could be associated with the vaccine vectors. It was concluded that the death of the animal was not related to the vaccine but rather to anesthesia-related stress.
DISCUSSION
We developed Ad vectors of chimpanzee origin to prevent a potential dampening effect of preexisting VNAs to common human serotypes of Ad on the potency of Ad vector-based vaccines. We generated vectors from several different serotypes to allow for heterologous prime-boost regimens. Here, we tested two chimpanzee Ad vectors, i.e., AdC68, which belongs to subfamily E of the adenovirideae, and AdC1/C5, in which AdC1 that belongs to subfamily B2 encodes the structural viral antigens. Adenoviruses of the B2 subfamily use CD46 as the attachment receptor. This receptor is also used by the measles vaccine, which causes a transient immunosuppression and a shift towards Th2 responses (12, 14) , neither of which have been observed upon immunization of animals with CD46 binding adenovirus vectors (4, 26) .
Experiments were conducted in nonhuman primates that had or had not been preexposed to antigens of AdHu5. Additional animals were immunized twice with AdHu5 vectors. Animals were preexposed with a high dose of an AdHu5 vector expressing an irrelevant antigen. As in previously described studies, AdHu5 vectors were given intramuscularly (1, 20) . This route of immunization elicits strong VNA responses to AdHu5 and presumably T cells, including CD8 ϩ T cells, to antigens of AdHu5 (6) . Animals were preexposed to AdHu5 virus rather than a chimpanzee adenovirus to mimic humans that commonly carry neutralizing antibodies to AdHu5 but show low prevalence rates of neutralizing antibodies to the chimpanzee adenoviruses (30) . While neutralizing antibodies generated upon postexposure were highly specific to AdHu5, binding antibodies showed extensive cross-reactivity between the different Ad vectors we used in this study (not shown).
All of the chimpanzee Ad vectors we generated had been tested previously in comparison with AdHu5 vectors in naïve mice and in mice that had been preexposed to AdHu5 (6, 26, 29) . The results showed that in naïve mice the AdC68 vector induced transgene product-specific CD8 ϩ T cells that were comparable or, depending on the insert, slightly higher than those induced by AdHu5 vectors. AdC1/C5 vectors were less immunogenic. In AdHu5-preexposed animals CD8 ϩ T cells induced by the chimpanzee Ad vectors were slightly reduced, and this was caused by CD8 ϩ T cells that cross-reacted between antigens of human and chimpanzee Ad vectors (6) . In contrast, CD8
ϩ T-cell responses to AdHu5 vectors were strongly diminished or even abolished in mice preexposed to antigens of AdHu5. AdHu5 vectors induced higher antibody responses than chimpanzee Ad vectors in naïve mice, but again such responses were strongly reduced upon preexposure of animals to AdHu5, which had no effect on the induction of transgene product-specific antibodies by the chimpanzee vectors (29) .
In the NHP study described here, preexposure of rhesus macaques to antigens of AdHu5 had an apparent effect on induction of transgene product-specific CD8 ϩ T cells by the chimpanzee Ad vectors when PBMCs were analyzed. Preexposed animals mounted a less vigorous CD8 ϩ T-cell response based on comparison of PBMCs from nonpreexposed animals to those that had been preexposed. Although this difference did not reach statistical significance due to the small number of animals, there was a clear trend that could be observed by ELISPOT assays (which fail to discriminate between T-cell subsets) and by ICS. For example, animal R0006046, which had the highest prevaccination antibody titers to AdHu5 (1: 640) of this group, developed the poorest T-cell response, while animal R0105047, which had low antibody titers to AdHu5 (1:80) prior to vaccination, mounted a more robust T-cell response. Animal R0104059, which had anti-AdHu5 antibody titers of 1:320 prior to vaccination, also failed to develop a strong T-cell response in blood. Nevertheless, testing of lymphocytes from different lymphatic and nonlymphatic tissues upon euthanasia showed that R0006046 had very high frequencies of HIV-1 antigen-specific T cells in its spleen (Ͼ4,500 spots/10 6 splenocytes), and both R0006046 and R0104059 had high frequencies of such T cells in the liver. Overall, responses in the spleen and liver were higher in three of four NHPs in the AdHu5-preexposed group than in nonpreexposed NHPs vaccinated with the chimpanzee vectors, suggesting that preexpo-sure to AdHu5 vectors affected a change in the homing pattern of the responding T cells.
T-cell responses to the AdHu5 vectors given twice were indistinguishable in blood and spleens between NHPs that had or had not been preexposed to AdHu5. In both groups, a second immunization with AdHu5 vectors increased frequencies of HIV-1 antigen-specific CD8 ϩ T cells producing IFN-␥ in some but not all of the animals. It should be pointed out that animal R0105080, which had the highest titers of antibodies upon preexposure (1:640), had very low frequencies of specific T cells in its spleen at the time of euthanasia, indicating that in AdHu5-vaccinated NHPs, unlike those vaccinated with the chimpanzee Ad vectors, preexposure to AdHu5 did not cause a shift in distribution of vaccine-induced T cells towards the spleen. Preexposure resulted in a marked increase in T cells that homed to the liver in AdHu5-vaccinated NHPs. The mechanism of the pronounced homing of T cells towards the liver in AdHu5-preimmunized animals vaccinated either with AdHu5 vectors (four of four) or the chimpanzee Ad vectors (three of four) is unclear. Ad vectors readily infect hepatocytes, and some of the vectors may have entered the bloodstream upon intramuscular application and reached the liver, thus attracting and retaining a T-cell infiltrate. Adenoviruses acquired by natural infections persist for years, mainly in T cells (9) . We showed recently that E1-deleted Ad vectors persist for more than 1 year mainly at the site of inoculation and in T cells (submitted for publication). In mice, the Ad vector genome can be detected in livers of intramuscularly immunized mice transiently for a few days after vector inoculation and is then cleared. We tested NHP liver sections harvested at the time of euthanasia for the presence of vector genomes by a nested PCR. Although we could detect vector sequences in some of the samples, there was no correlation between their presence and the frequency of transgene product-specific T cells in these livers, suggesting expression of the transgene through persisting Ad vectors within the liver tissue was unlikely to have contributed to the recruitment or retention of the specific T cells (data not shown). Also, we would like to point out that the PCR analyses were conducted using unfractionated liver sections, which did not allow us to distinguish between vector genomes present in liver cells or in infiltrating lymphocytes.
Neutralizing or nonneutralizing antibodies directed to antigens of adenovirus may have further promoted targeting of Fc receptor-positive hepatocytes. One of the AdHu5-vaccinated animals that had not been preexposed to antigens of AdHu5 developed very high frequencies of T cells in the liver (Ͼ30,000 spots/10 6 mononuclear cells). This animal developed high neutralizing antibody titers to AdHu5 after the first vaccine dose, and the shifted migration of T cells to the liver could have been caused by these antibodies. Nevertheless, as there was no correlation between the presence of cross-reactive binding antibodies to the Ad vectors and frequencies and migration patterns of transgene product-specific T cells, retargeting of vectors through antibodies fails to explain our data.
The AdHu5 vectors induced a more potent transgene product-specific antibody response than the chimpanzee Ad vectors, reproducing previous findings in mice (29) . Nevertheless, such a Gag-specific antibody response could not be elicited in AdHu5-preexposed animals even after a second application of the AdHu5 vector. Immunization with a single moderate dose of the AdC68 vector expressing Gag failed to elicit detectable antibodies to Gag. Such antibodies were induced in two of the three nonpreexposed NHPs and in three of the four AdHu5-preexposed NHPs after booster immunization with the AdC1/C5 vector. Levels of antibodies were slightly higher in the nonpreexposed group; nevertheless, this difference failed to reach statistical significance. None of the animals developed HIV-1 neutralizing antibodies after immunization (data not shown; assays most kindly conducted by D. Montefiori, Duke University, Durham, NC).
In summary, the presented study allows for three conclusions. First, preexposure to an Ad virus, which induces CD8 ϩ T cells and nonneutralizing antibodies that widely cross-react with other Ad serotypes, including chimpanzee Ads, affects the homing pattern of transgene product-specific T cells induced by a heterologous Ad vector. In preexposed animals vaccinated with heterologous Ad serotypes, T cells home preferentially to the spleen, and fewer T cells circulate through the blood. In clinical phase I/II trials, the potency of a vaccine is established by testing PBMCs for T cells to the vaccine antigen. Data presented here indicate that results obtained with PBMCs may be misleading. Second, in NHPs, preexisting immunity to antigens of Ad results in a pronounced enrichment of T cells in the liver, induced by vaccination with homologous or heterologous Ad vectors. This had not been observed in mice (unpublished observation), and the underlying mechanism remains elusive. Third, preexisting immunity to antigens of AdHu5 virus completely inhibits the transgene product-specific antibody response to an AdHu5 vaccine vector. It is one of the major goals of ongoing research efforts to design Env immunogens that are capable of eliciting broadly cross-reactive neutralizing antibodies to HIV-1. Although AdHu5 vectors can induce very potent antibody responses, data presented here conclusively show that their efficacy as B-cell-inducing vaccines will most likely be strongly impaired in humans with even moderate titers of preexisting VNAs to AdHu5 virus.
